Abstract Using a density-gradient ultracentrifugation technique, we analyzed in detail the plasma lipoprotein profiles of 18 patients with familial dysbetalipoproteinemia (FD) who had apolipoprotein (apo) E2(Argl58-»Cys) homozygosity (the E2-158 variant, n=6), apoE3-Leiden heterozygosity (the E3-Leiden variant, n=6), or apoE2(Lysl46-»Gln) heterozygosity (the E2-146 variant, n=6), with average plasma cholesterol concentrations of 8.99±1.34 mmol/L, 9.29±l-55 mmol/L, and 8.46 ±1.10 mmol/L, respectively. No significant differences in sex, age, body mass index, dietary habits, and standard laboratory tests between the three groups were observed. The lipoprotein profiles of all FD patients were characterized by higher concentrations of very-low-density lipoprotein (VLDL) 1, VLDL2, and intermediate-density lipoprotein (IDL) and a higher cholesteryl ester content of VLDL1 and VLDL2 than in 6 normolipidemic control subjects with an average plasma cholesterol concentration of 5.90±0.53 mmol/L. Major differences between the plasma lipoprotein profiles of patients with the E2-158 variant, the E3-Leiden variant, and the E2-146 variant and the normolipidemic control subjects were in IDL cholesterol concentration (1.70±0.26, 1.50±0.26, 1.05±0.36, and 0.47±0.14 mmol/L, respectively), LDL cholesterol concentration (1.83±0.50, 3.09±0.32, 3.79±0.76, and 3.77±0.56 mmol/L, respectively), and the molar ratio of IDL cholesterol H uman apolipoprotein (apo) E, a protein of 299 amino acid residues, 1 is a constituent of several plasma lipoproteins, including chylomicrons, very-low-density lipoprotein (VLDL), intermediate-density lipoprotein (DDL), and a subclass of high-density lipoprotein (HDL), HDL1.
that apoE2(Argl58-»Cys), the E2-158 variant, has a binding affinity to the low-density lipoprotein (LDL) receptor less than 2% that of apoE3 and apoE-l 2 -7 This phenomenon is considered to be of primary importance in the pathophysiology of familial dysbetalipoproteinemia (FD), or type III hyperlipoproteinemia, a lipoprotein disorder associated with high plasma cholesterol and triglyceride (TG) concentrations.
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8
- 10 More than 90% of patients with FD are homozygous for apoE2(Argl58->Cys). 7 However, in the population the majority of individuals homozygous for the E2-158 variant are normocholesterolemic, suggesting that additional endogenous or exogenous factors influence the expression of the disorder. 11 In addition to the E2-158 variant, a number of rare apoE variants have been identified in patients with FD, 2 including apoE3-Leiden with a 7-amino acid insertion (the E3-Leiden variant 1214 ) and apoE2(Lysl46-»Gln) (the E2-146 variant.
15
- 18 In vitro LDL receptor-binding studies demonstrated that the E3-Leiden variant had 25% of normal binding activity and the E2-146 variant had 40%, providing further evidence that defective apoE binding might be of primary importance in the pathophysiology of FD.
-7
In previous studies we observed that the lipoprotein profiles of both normocholesterolemic and hypercholesterolemic individuals with the E2-158 variant are characterized by markedly lower LDL cholesterol concentrations, considerably higher cholesteryl ester (CE) content of the VLDL subtractions, and variably higher cholesterol concentrations in VLDL1, VLDL2, and IDL than nonnolipidemic control subjects.
11
- 19 We proposed that the lipoprotein abnormalities in the plasma of individuals with the E2-158 variant were related to an impaired conversion of IDL to LDL, a hypothesis supported by in vivo studies. 20 ' 22 It has been suggested that the binding of IDL to a membrane receptor may be an essential step in the conversion of IDL to LDL, and apoE might be involved in this process. 20 However, little is known about the regulation of the conversion of IDL to LDL, nor is there a suitable in vitro model to test the hypothesis that the binding activities of apoE and its variants influence the conversion. In the present study the plasma lipoprotein profiles of patients with three different apoE variants (the E2-158 variant, the E3-Leiden variant, and the E2-146 variant) with depressed LDL receptor-binding activities in vitro (discussed above) were compared with the plasma lipoprotein profiles of nonnolipidemic individuals to search for any relation between apoE receptor-binding activity and the plasma concentrations of IDL and LDL. Furthermore, we investigated whether simvastatin, a 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitor that has been reported to reduce plasma concentrations of lipids and lipoproteins in patients with FD associated with the E2-158 variant, 2326 was effective in improving the plasma lipoprotein profiles in these three groups of patients.
Methods Subjects
All subjects in this study visited the Lipid Clinic of the Leiden University Hospital between July 1989 and September 1992. During the study period, 7 hypercholesterolemic patients with the E3-Leiden variant, 7 with the E2-146 variant, and 6 with the E2-158 variant were evaluated. Two patients (1 with the E3-Leiden variant and 1 with the E2-146 variant) were excluded from the study because their lipid and lipoprotein levels varied widely over time, presumably because of irregular dietary habits. All other patients had minimal intraindividual variability in lipoprotein levels under optimal dietary conditions (see below), as evaluated by repeated lipid analysis over an interval of at least 2 months. The ages of the patients ranged from 23 to 72 years, with the average age of the patients with the E2-158 variant, the E3-Leiden variant, and the E2-146 variant being 51.0±8.1, 50.6±123, and 52.3±18.4 years, respectively. None of the patients appeared to have renal, thyroid, or liver disease, as assessed by physical examination and routine laboratory tests. All patients had normal fasting blood glucose levels. None took lipid-lowering drugs or any other drugs that might interfere with the lipoprotein metabolism for at least 6 weeks before blood samples were taken for the analysis of the lipoprotein profile (except for 9 patients who received simvastatin therapy; see below).
All patients with the E2-158 variant, as determined during routine screening of the apoE phenotype of patients with hypercholesterolemia, were referred to the Lipid Clinic. None of these patients were related. In the group of patients with the E3-Leiden variant, patient No. 12 was a newly identified proband, probably related to the large family described 16 Table 1 lists the clinical characteristics of the study subjects.
All patients were analyzed using a standardized protocol. This analysis included a careful clinical examination; several routine laboratory tests; repeated analysis of fasting cholesterol, TG, and HDL cholesterol concentrations; agarose electrophoresis; and routine plasma ultracentrifugation. The diet of all patients was evaluated by a qualified dietitian using a 24-hour dietary history. Patients who adhered to a low-fat diet (^30% of total calories) with a fatty acid intake (saturated: monounsaturated: polyunsaturated) ratio of 1:1:1, cholesterol intake less than 300 mg/day, and alcohol consumption less than 15 g/day, were not given specific dietary instructions. Patients who did not adhere to these guidelines were given individualized instruction in writing and sent to the dietitian for further explanation of the instructions. The effects of the dietary advice were evaluated again 2 to 3 months later by repeated biochemical measurements (see above) and reevaluation of the dietary history. All data presented in this study were obtained under standardized dietary conditions.
After the baseline period, 9 patients-3 with the E2-158 variant, 3 with the E3-Leiden variant, and 3 with the E2-146 variant-were treated with simvastatin (Zocor, Merck Sharp & Dohme) at a dose of 20 mg daily. Blood samples were taken at baseline and at the end of 10 weeks of treatment Treated patients reported good compliance, and none experienced any side effects. No changes in routine laboratory test results, dietary habits, or body weight were observed.
Six nonnolipidemic individuals (3 men and 3 women, aged 58.1+9.6 years [mean±SD]) served as control subjects in this study. Normolipidemia was defined by plasma cholesterol concentration <6.5 mmol/L and plasma TG concentration <2.0 mmol/L. One of the normolipidemic control subjects had the apoE4/2 phenotype, four had the apoE3/3 phenotype, and one had the apoE3/2 phenotype. All clinical characteristics of the nonnolipidemic subjects were analyzed in the Lipid Clinic in the same way as those of the hyperlipoproteinemic patients.
Separation of Lipoproteins
Blood samples were taken in the morning after a fast of more than 12 hours. Plasma was obtained by centrifugation at ; TG, triglyceride; VLDL-C, very-low-density lipoprotein cholesterol; lipoprotein cholesterol.
1000g for 10 minutes at room temperature less than 4 hours after sampling. The separation of lipoproteins was started the day of blood collection, using a modification of the two-step density-gradient ultracentrifugation technique. 19 In the first step HDL, LDL, IDL, and VLDL were separated. In the second step VLDL was separated further into two subfractions, VLDL1 (large VLDL) and VLDL2 (small VLDL). The gradient of the first step was prepared by putting a 2-mL plasma sample (adjusted to d= 1.210 kg/L by adding solid KBr) in the bottom of a poryallomer tube (14 mL, Kontron AG) and overlayering it with 6 mL of d=1.030 kg/L and 4 mL of d=1.006 kg/L solutions. After preparation of the gradient the tube was centrifuged immediately at 210 OOOg for 24 hours at 15°C in a TST swinging bucket rotor (Kontron AG) using a Centrikon T-2070 ultracentrifuge (Kontron AG). In the second step the gradient was prepared by putting 2 mL VLDL solution (obtained by routine ultracentrifugation and adjusted to d= 1.210 kg/L by adding solid KBr) in the bottom of the tube and overlayering it with 2 mL of d=1.100 kg/L, 4 mL d= 1.040 kg/L, and 4 mL of d=1.006 kg/L solutions. This gradient was ultracentrifuged at 210 OOOg for 2 hours at 15°C in the same rotor and ultracentrifuge used in the first step. The gradients were fractionated using a specially designed fractionator 27 connected to a micropump and a fraction collector (LKB).
Chemical Analysis
The cholesterol concentration was determined in each fraction of both gradients. The cholesterol concentrations and the composition of VLDL1, VLDL2, IDL, and LDL were determined in pooled gradient fractions. IDL was obtained in fractions 13 through 18 and LDL in fractions 6 through 12 of the first-step ultracentrifugation. VLDL1 was recovered in fractions 21 through 23 and VLDL2 in fractions 11 through 20 of the second-step ultracentrifugation. The total cholesterol (TC), free cholesterol (FC), TG, and phospholipid (PL) concentrations were determined enzymatically using test kits (Boehringer). EC was calculated as the difference between TC and FC. The mass of CE (in milligrams) was estimated as 1.67xesterified cholesterol. Total protein (P) was determined by a modification of the Lowry procedure 28 with bovine serum albumin as a standard. The total lipoprotein mass (in milligrams) was calculated as the sum of masses of FC, CE, TG, PL, and P. HDL-cholesterol concentration was measured in the d=1.006 kg/L infranatant obtained by routine ultracentrifugation after precipitation of IDL and LDL by phosphotungstic acid and MgCI 2 .
Lecithin: Cholesterol Acyltransferase and Cholesteryl Ester Transfer Protein Assays
Plasma lecithin: cholesterol acyltransferase (LCAT) activity was determined using excess exogenous substrate, containing [ 3 H]cholesterol, as described. 29 Incubations lasted 6 hours at 37°C in a total volume of 0.145 mL. The reaction was stopped by addition of 0.30 mL cold methanol. The lipids were extracted twice with 0.4 mL hexane. FC and CE were separated using disposable silica columns. [ Plasma CE transfer protein (CETP) activity was measured in the supernatant fraction of each plasma sample after precipitation of endogenous apoB-containing lipoproteins by phosphotungstic acid and MgCl 2 . 31 The exchange of CEs between [ 14 C]cholesteryl ester-labeled LDL and unlabeled HDL was measured during a 16-hour incubation. After incubation, LDL was precipitated by Mn 2+ ions, following the method of Morton and Zilversmit, 32 and the radioactivity of HDL was determined.
The activities of LCAT and CETP were measured in plasma stored at -80°C. The measured activities were proportional to the amount of plasma used in the incubations. All assays were performed in duplicate. The within-day coefficients of variation were 4.5% for LCAT and 2.7% for CETP. The measured activities reflect the activity of the enzyme and transfer protein (measured under optimal conditions) and are independent of endogenous plasma lipoproteins. The activities were related to the activity in a human plasma pool, and expressed in arbitrary units (ALT) as percent of the activity in the plasma pool.
ApoE Phenotyping and Genotyping
ApoE phenotype was determined by isoelectric focusing of delipidated plasma samples before and after cysteamine treatment followed by immunoblotting, as described by Havekes et al.
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For apoE genotyping, genomic DNA was isolated from leukocytes by standard methods. 34 The 5' part of exon 4 of the human apolipoprotein E (APOE) gene, encoding amino acids 61 through 174, was amplified by polymerase chain reaction (PCR) using the primers 402 (nucleotides 3555 through 3574, coding strand) and 401 (nucleotides 3932 through 3913, noncoding strand), as described by Van den Maagdenberg et al. 35 For allele-specific restriction endonudease genotyping of the common polymorphisms at codons 112 and 158, 15 jiL of PCR product was digested with 7.5 U restriction enzyme Hha I for 16 hours, according to recommendations of the supplier (Pharmacia) and as described first by Hixson and Vernier.
36 Thereafter, the digested material was separated on a 10% neutral poryacrylamide gel for 3 hours at 10 V/cm and stained with 0.1 g/L ethidium bromide.
1 "* For APOE»2(Lysl46->Gln) allele detection, PCR was done using a site-directed mutagenic amplification primer. Primer 3012 (nucleotides 3848 through 3867, a noncoding strand 37 containing a G->T nucleotide mismatch at position 3851) and primer 398 (nucleotides 3678 through 3697, a coding strand 37 ) were used in a PCR. The reaction mix contained 0.5 fig genomic DNA, 0.5 mmol/L MgCl 2 , 50 mmol/L KG, 10 mmol/L Tris-HCl (pH 8.3), 0.2 mmol/L deoxynucleoside triphosphates, 200 Mg/mL bovine serum albumin, 50 pmol of each primer, 0.1 U Taq poh/merase (Boehringer Mannheim), and 10% dimethylsulfoxide in a total volume of 50 pL. The PCR was done for 32 cycles (1 minute at 95°C, 30 seconds at 55°C, and 90 seconds at 72°Q after an initial denaturation of 4 minutes. Fifteen microliters of PCR products was digested with Pvu II according to the recommendations of the supplier (Pharmacia), and fragments were separated on a 7.5% potyacryiamide gel.
Statistical Analysis
Results were expressed as mean±SD. Differences between groups in mean concentrations of lipids, lipoproteins, apolipoproteins, and other characteristics were analyzed using oneway ANOVA followed by a ScherK multiple-comparison test. Because the distributions of plasma TG, VLDL1 cholesterol, and VLDL2 cholesterol concentrations were highly skewed, their logarithmically transformed concentrations were used for statistical comparison. All statistical analyses were performed with SPSS/PC+ software (SPSS Inc). A value of P<.05 was considered statistically significant. A, Polyacrylamlde gel electrophoresis of polymerase chain reaction products using trie amplification primers 402 and 401 followed by Hha I restriction endonudease digestion for genotypfng of the apolipoprotein E (APOE) gene. Material from various subjects were loaded: lane 1, control APOE»4(Cys112-> Arg)/APOE«2(Arg158-»Cys); lane 2, APOE*3-Lelden/APOE*3; lane 3, APOE»2(Arg158->Cys) homozygote; and lane 4, APOE»2 (Lys146-*Gln)/APOEt3. Note that lane 4 had an apoE3/2 pattern on isoelectric focusing. B, Polyacrylamide gel electrophoresis of polymerase chain reaction products using amplification primer 398 and mutagenic amplification primer 3012 followed by Pvu II restriction endonudease digestion for allele-specific detection of APOE»2(Lys146-><3ln) carrier. Note that in the case of an APOE»2(Lys146-»Gln) carrier a Pvu II restriction site is introduced. In lanes 1 and 2, material of an APOE*3/APOE»2(Arg158-»Cys) and an APOE»3/APOE*2(Lys146-»Gln) carrier, respectively, was loaded.
Results
Patients with FD were identified by routine analysis of the apoE phenotype using isoelectric focusing of delipidated plasma samples before and after cysteamine treatment. All patients with the E2-158 variant had the apoE2/2 phenotype and a complete modification (into E4/4) with cysteamine. Patients with the E3-Leiden variant and the E2-146 variant had an incomplete modification of apoE3 and apoE2, respectively. Further analysis of the APOE gene by allele-specific restriction endonudease genotyping with the restriction enzyme Hhal, Pvull, or both revealed that all patients with the E2-158 variant were homozygous for the APOE*2(Argl58-»Cys) allele, whereas all patients with the E3-Leiden variant and the E2-146 variant were heterozygous for the APOE*3-Leiden and APOE*2(Lysl46->Gln) allele, respectively, as illustrated in Fig 1. All patients whose laboratory results were analyzed in the present study had plasma cholesterol concentrations between 7 and 12 mmol/L under optimal dietary conditions (Table 1) , and no differences were observed between the average plasma cholesterol concentrations of the three groups of patients (Table 2) . None of the patients were substantially overweight, and the average body mass index for the patients with the E2-158 variant, the E3-Leiden variant, and the E2-146 variant was 27.3±2.6, 25.6±2.8, and 24.4±2.2 kg/m 2 , respectively. None of the patients had clinical or biochemical signs of secondary hyperlipoproteinemia, and among the three groups no differences in various routine laboratory tests were observed. None of the patients reported unusual dietary habits, and no differences in various dietary parameters were found between the three groups (data not shown). Thus, the three groups of patients were comparable with regard to several clinical and biochemical parameters. The plasma lipoprotein profiles of all subjects were analyzed by routine ultracentrifugation (Table 1) and by density-gradient ultracentrifugation. Typical plasma lipoprotein profiles from the three groups of patients with FD analyzed by density-gradient ultracentrifugation are shown in Fig 2 and compared with the lipoprotein profile of a normolipidemic control subject. The average plasma cholesterol concentrations of VLDL1, VLDL2, IDL, LDL, and HDL in the three groups of patients with FD were compared with those of 6 nor- FK3 2. Graphs of representative plasma cholesterol profiles of a normolipidemic subject (closed triangles) and of patients with familial dysbetalipoprotelnemia (open squares) associated with apolipoproteln (apo) E2(Arg158->Cys) homozygosity (top, patient No. 2), apoE3-Leiden heterozygoslty (middle, patient No. 8), and apoE2(Lys146-»Gln) heterozygostty (bottom, patient No. 14) after the first-step density-gradient ultracentrtfugation (left panels) and the second-step density-gradient ultracentrifugation (right panels). HDL indicates high-density lipoprotein; LDL, lowdensity lipoprotein; IDL, intermediate-density lipoprotein; VLDL, very-low-density lipoprotein; VLDL2, small VLDL; VLDL1, large VLDL molipidemic subjects (Table 2 ). The lipoprotein composition of all patients with FD was characterized by high cholesterol concentrations of VLDL1, VLDL2, and IDL compared with normolipidemic control subjects. However, there were marked differences in IDL cholesterol and LDL cholesterol concentrations between FD patients with different apoE variants. The patients with the E2-158 variant had a substantially lower LDL cholesterol concentration and a markedly higher IDL cholesterol concentration than patients with the other two variants. In contrast, the patients with the E2-146 variant had a normal LDL cholesterol concentration and a moderately higher IDL cholesterol concentration. IDL cholesterol and LDL cholesterol concentrations in the patients with the E3-Leiden variant were between those of the patients with the E2-158 variant and those with the E2-146 variant. Several lipoprotein parameters were evaluated to find one that could be used to discriminate between the four groups (the three with FD and the group of normolipidemic subjects) ( Table 3) . As illustrated in Fig 3, the molar ratio of IDL cholesterol to LDL cholesterol appeared to be a sensitive parameter in distinguishing between the groups. The IDL/LDL ratio had a relatively broad distribution (from 0.65 to 1.44) in the patients with the E2-158 variant, whereas this ratio was quite invariable in the patients with the E3-Leiden variant (from 0.44 to 0.54), in those with the E2-146 variant (from 0.21 to 0.41), and in normolipidemic subjects (0.09 to 0.17). There was no overlap of the IDL/LDL ratio between the four groups. Any pair of means was significantly different from the others at the P< .05 level.
After 10 weeks of simvastatin therapy, the plasma lipoprotein profiles in the 9 treated patients with FD (3 per variant) had changed considerably compared with baseline (Fig 4) . As illustrated in Fig 5, the plasma concentrations of TC, VLDL2 cholesterol, IDL cholesterol, and LDL cholesterol fell considerably in each patient with FD, irrespective of the apoE variant. The effects of simvastatin treatment on the mean concentrations of plasma lipids and lipoproteins are summarized in Table 4 . Overall, simvastatin treatment was associated with decreases in concentrations of plasma choles- Apo indicates apolipoproteln; VLDL1, large very-low-denstty lipoprotein; VLDL2, small VLDL; IDL, Intermediatedensity llpoprotein; and LDL, low-density lipoprotein. Values are expressed as wt/wt and given as mean±SD.
*P<.05 compared with normolipidemic control subjects; tP<05 compared with control subjects and patients with E2-146; and *P<.05 compared with control subjects, patients with E3-Leiden, and patients with E2-146.
terol, VLDL2 cholesterol, IDL cholesterol, and LDL cholesterol in the patients with the E2-158 variant of 46%, 56%, 53%, and 48%, respectively; in the patients with the E3-Leiden variant the decreases were 48%, 54%, 57%, and 52%, respectively, and in the patients with the E2-146 variant they were 38%, 55%, 46%, and 35%, respectively. No differences between the three groups of patients with FD were found with regard to the relative lipid and lipoprotein changes during simvastatin therapy (Fig 6) . Simvastatin therapy did not change the HDL cholesterol concentration significantly in the three groups of patients. The concentrations of plasma TG and VLDL1 cholesterol tended to decrease in the three groups taking simvastatin, but these changes did not reach statistical significance except for the plasma TG concentration of patients with the E2-146 variant.
The compositions of the lipoprotein subtractions in the three groups of patients after simvastatin therapy were compared with those measured at baseline (Table 5) . During simvastatin treatment, no significant changes in the compositions of VLDL1, IDL, and LDL were observed, and only minor changes in the composition of VLDL2 were found. However, the CE content tended to be lower and the TG content tended to be higher in all apoB-containing lipoprotein subtractions of the three groups of patients during simvastatin therapy, although only the change in TG content of VLDL2 of the patients with the E2-158 variant reached statistical significance.
The activities of CETP and LCAT in the plasma of 7 patients with FD (E2-158 variant, n=3; E3-Leiden variant, n=2; and E2-146 variant, n=2) were determined. At baseline, the activity of CETP in the plasma of patients with the E2-158 variant (145±27 AU) was significantly higher than that in normolipidemic control subjects (77±15 AU), whereas the activity of CETP in the plasma of patients with the E3 -Leiden variant and the E2-146 variant did not differ significantly from that in normolipidemic control subjects. The activity of CETP was lower in all patients during simvastatin therapy (Fig 7) . Overall, the activity of CETP in the plasma of the patients with FD decreased significantly from 116±37 AU at baseline to 85±28 AU after simvastatin therapy. No differences in the plasma activity of LCAT were observed between the patients (106 ±22 AU) and normolipidemic control subjects (101 ±6 AU) or between the patients before (106±22 AU) and during (93±16 AU) simvastatin therapy (Fig 7) . Discussion In this study we analyzed in detail the lipoprotein profiles of hypercholesterolemic patients with FD associated with the E2-158 variant, the E3-Leiden variant, and the E2-146 variant, and those of a control group of normolipidemic subjects. To facilitate a comparison of the lipoprotein profiles of the three groups of FD patients with different apoE variants, only patients with a plasma cholesterol concentration of approximately 9 mmol/L (range, 7 through 12 mmol/L) were evaluated. The three groups of patients with FD were comparable with regard to age, sex, and several clinical and biochemical characteristics.
The main aim of the present study was to compare the plasma lipoprotein profiles of FD patients with the E2-158 variant, the E3-Leiden variant, and the E2-146 variant. This comparison might provide an indication of the role of these apoE variants in the pathophysiology of FD. In agreement with previous reports, 141719 we observed that the lipoprotein profiles of the patients with the three variants were characterized by markedly higher VLDL concentrations and altered compositions (CE enrichment) of the VLDL subfractions compared 
